Introduction
Linearly fused p-conjugated compounds constitute an important class of organic semiconductors due to their application in thin-film organic electronic devices, such as organic field-effect transistors (OFETs). [1, 2] Their rigid p-conjugated skeleton, free from conformational disorder, is a decisive characteristic leading to unique electronic properties and densely packed solid-state structures. This packing allows for high charge-carrier mobilities. Among such fused p-conjugated compounds, pentacene is probably the most studied system. Pentacene has attracted great interest because it presents some of the highest hole mobilities reported for organic crystals. [3] However, pentacene suffers from the disadvantage of being easily oxidized, and is only moderately stable in air or under illumination. In this context, linearly fused oligothiophenes, or all-anti oligothienoacenes, emerge as a promising new class of p-conjugated compounds that combine the rigid planarity and extended conjugation of acenes with the chemical stability of oligothiophenes. Oligothienoacenes exhibit larger HOMO-LUMO gaps than their Abstract: This work presents an analysis of the structural, electrochemical, and optical properties of a family of triisopropylsilyl end-capped oligothienoacenes (TIPS-Tn-TIPS, n = 4-8) by combining cyclic voltammetry, spectroscopic techniques, and quantum-chemical calculations. TIPS-Tn-TIPS compounds form stable radical cations, and dications are only obtained for the longest oligomers (n = 7 and 8). Oxidation leads to the quinoidization of the conjugated backbone, from which electrons are mainly extracted. The absorption and fluorescence spectra show partially resolved vibronic structures even at room temperature, due to the rigid molecular geometry. Two well-resolved vibronic progressions are observed at low temperatures due to the vibronic coupling, with normal modes showing wavenumbers of % 1525 and % 480 cm
À1
. Optical absorption bands display remarkable bathochromic dispersion with the oligomer length, indicative of the extent of p conjugation.
The optical properties of the oxidized compounds are characterized by in situ UV/Vis/NIR spectroelectrochemistry. The radical cation species show two intense absorption bands emerging at energies lower than in the neutral compounds. The formation of the dication is only detected for the heptamer and the octamer, and shows a new band at intermediate energies. Optical data are interpreted with the help of density functional theory calculations performed at the B3LYP/6-31G** level, both for the neutral and the oxidized compounds.
Keywords: density functional calculations · electrochemistry · fluorescence · oligothienoacenes · optical properties · spectroelectrochemistry respective acene partners, and display a higher environmental stability. [4, 5] Furthermore, they favor face-to-face pstacked structures in the solid state, [5] due to the lower number of CH-p interactions, thus facilitating the achievement of high charge-carrier mobilities. [6] These characteristics make oligothienoacenes very attractive as stable semiconducting materials for their use in OFETs. Indeed, pentathienoacene has already been implemented as the active material in FETs, achieving mobilities as high as 0.045 cm 2 V À1 s
. [7] Only a limited number of linearly fused thiophenes have been reported to date, including short nonsubstituted oligothienoacenes (up to the pentamer), [8, 9] the dibenzo-annulated dithieno[3,2-b:2',3'-d]thiophene trimer, [10] [11] [12] and the fully fused polythiophene. [13] Recently, new synthetic strategies have been developed that allow for the synthesis of longer all-anti oligothienoacenes up to the octamer. Maztger et al. [5] synthesized pentathienoacene and heptathienoacene, both nonsubstituted and incorporating terminal triisopropylsilyl (TIPS) groups (Figure 1 ), through the coupling of two brominated thienothiophenes (two fused rings) or two dithienothiophenes (three fused rings), respectively, through a sulfide bridge. Yamaguchi et al. [14] reported a new synthetic route to obtain oligothienoacenes end-capped with TIPS groups with an even number of rings (tetramer, hexamer, and octamer in Figure 1 ). The solubilizing TIPS groups enhance their purification and solution processability.
UV/Vis absorption and fluorescence spectroscopies have been found to be successful techniques for the investigation of the conformational disorder in p-conjugated compounds and, particularly, in oligothiophenes. [15] Nonfused oligothiophenes present a high conformational disorder in the ground state due to the internal rotation around the interring CÀC bonds. In passing to the first excited state, they exhibit a reversal of the alternating single/double carboncarbon bond pattern (quinoidization) that hinders the free rotation around the inter-ring bonds and planarizes the molecule. [16, 17] These geometric changes have a large impact on the compounds optical properties at room temperature, which show broad absorption bands and partially resolved vibronic fluorescence bands, as well as large Stokes shifts. [18] The conformational disorder decreases at low temperatures, leading to absorption and fluorescence bands with well-resolved vibronic structures. In contrast to oligothiophenes, oligothienoacenes are rigid systems with a low degree of conformational disorder. This fact produces unique optical properties compared to their nonfused homologues, and well-resolved absorption and fluorescence bands are observed at room temperature for oligothienoacenes. [5, 14] The charged species formed in the oxidation/reduction processes of a great variety of oligothiophenes have been monitored and characterized by using UV/Vis/NIR spectroelectrochemistry. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Quantum-chemical calculations have been shown to be very helpful in correctly assigning the optical absorptions of the charged species, and in corroborating the nature of these species (radical cations, dications, and radical cation p-dimers). [32] [33] [34] [35] [36] [37] [38] Therefore, the combination of spectroelectrochemistry and quantum-chemical calculations provides an efficient tool for the investigation of the charged species involved in the charge transport process in p-conjugated oligomers. Although numerous studies on the optical properties of both neutral and oxidized oligothiophenes have been reported to date, oxidized oligothienoacenes have received surprisingly little attention. Therefore, a comprehensive study of the optical properties of both neutral and oxidized oligothienoacenes is needed.
In this contribution, we report for the first time on the physicochemical characterization of a whole series of fully fused oligothiophenes, ranging in length from the tetramer to the octamer (Figure 1 ), by means of a variety of experimental and theoretical tools, with the aim of establishing precise structure-property relationships. The optical properties of these triisopropylsilyl end-capped oligothienoacenes (TIPS-Tn-TIPS, in which n indicates the number of fused thiophene rings arranged in an all-anti configuration) are studied by means of UV/Vis absorption and fluorescence emission spectroscopies, both in solution at room temperature and in solid glassy matrices of 2-methyltetrahydrofuran (2-MeTHF) at 80 K. Well-resolved vibronic progressions are observed at low temperature, both in passing from the ground to the first excited singlet state and vice versa. The oxidized species are studied by means of in situ UV/Vis/ NIR spectroelectrochemistry. The three shortest members of the family give rise to stable radical cations, whereas the www.chemeurj.org heptamer and octamer also give rise to stable dications. The presence of bulky TIPS groups at the terminal a-positions of the oligothienyl backbone precludes the known tendency of common oligothiophenes towards the p-dimerization of the corresponding radical cations. Thus, this investigation provides a unique opportunity to characterize fully the variety of doped species along a homologous series of oligothienoacenes in the absence of disturbing processes such as p-dimerization. The experimental results are interpreted with the help of density functional theory (DFT) and time-dependent DFT (TDDFT) quantum-chemical calculations performed at the B3LYP/6-31G** level. Minimum-energy molecular structures, as well as one-electron vertical excitations, are computed for both neutral and oxidized molecules.
Results and Discussion
Electrochemical and structural properties: To gain an insight into the behavior of the TIPS-Tn-TIPS family against oxidation, their electrochemical and structural properties were studied by cyclic voltammetry and DFT//B3LYP/6-31G** calculations, respectively. The cyclic voltammograms are shown in Figure 2 along with the oxidation potentials E o ox . The values of E o ox are determined from the center voltage between the peak for the oxidation of the sample and the peak for the reduction of the oxidized sample. Figure 3 displays the evolution of the first oxidation potentials, as well as the computed adiabatic ionization potentials with the reciprocal number of thiophene units (1/n).
All the TIPS-Tn-TIPS oligothienoacenes show reversible oxidation waves (see Figure 2 ) indicative of the significant stability of the produced cationic species in these rigid ladder skeletons. Whereas the tetramer, pentamer, and hexamer present a unique oxidation process, the heptamer and octamer exhibit a second oxidation wave, showing that the extension of the p-conjugated backbone up to seven or more fused thiophene rings allows the formation of the dication. The first oxidation potential decreases as the number of thiophene rings is increased (see Figure 3 a ). Deviations from linearity are clearly due to the slightly different sets of measurements performed for odd and even oligomers (all versus Fc/Fc + , but in different solvents). The second electrochemical potential also decreases in passing from the heptamer (0.94 V) to the octamer (0.82 V). Compared to nonfused a-oligothiophenes, all-anti oligothienoacenes present similar oxidation potentials. For instance, the first oxidation potentials measured for TIPS-T5-TIPS and TIPS-T7-TIPS are almost identical to those reported for a-terthiophene and a-quaterthiophene. [39] Hence, the extra sulfur atoms incorporated by oligothienoacenes do not appear to be particularly influential for the oxidation energy. Figure 3 b shows the adiabatic ionization potentials (IPs) computed for TIPS-Tn-TIPS at the B3LYP/6-31G** level in o-dichlorobenzene. IPs were calculated as the energy difference between the minimum-energy optimized structures of the radical cation and the neutral molecule. The IP value decreases with oligomer length, due to the extension of the To investigate the effect of oxidation on the molecular structure of TIPS-Tn-TIPS oligothienoacenes, geometry optimizations of neutral, radical cation, and dication species were performed at the B3LYP/6-31G** level. Table 1 summarizes the optimized bond lengths computed for TIPS-T7-TIPS as a representative example, because this compound forms cation and dication species. At the top of Table 1 , the topology of the highest occupied molecular orbital (HOMO) of TIPS-T7-TIPS is shown, to help in the interpretation of the structural changes the oligomer undergoes upon oxidation. The degree of aromatization/quinoidization of the conjugated backbone can be quantified easily by using the C À C single/double bond length alternation (BLA) parameter. [40] The BLA parameter is calculated for each thiophene ring as the difference between the length of the C b À C b bond and the average of the two C a À C b bonds. An aromatic ring is thus characterized by a positive BLA value, while a quinoid ring shows a negative BLA value. The BLA values calculated for neutral TIPS-T7-TIPS remain almost constant along the chain, slightly diminishing from outer to inner rings (0.033, 0.024, 0.022, 0.021, 0.022, 0.024, 0.033 ).
The outer rings present a higher BLA value (0.033 ) due to terminal effects. The BLA values are significantly smaller than those computed for a-quaterthiophene, a nonfused oligomer with the same number of double C=C bonds, for which BLA values of 0.033 and 0.050 are obtained for inner and outer rings, respectively, at the B3LYP/6-31G** level. The equalization of the CÀC bonds in TIPS-T7-TIPS has to be attributed to the rigidity and fused nature of the backbone in oligothienoacenes, and is in good agreement with experimental X-ray data (see Table 1 ). [5] It is also to be stressed that the C À C bond lengths in the TIPS-Tn-TIPS series present a small dependence on oligomer size (see Table S1 in the Supporting Information).
The oxidation process involves the extraction of electrons from the HOMO, thus weakening the bonding and antibonding interactions localized on CÀC double and single formal bonds, respectively. As a consequence, C=C double bonds lengthen, and C À C single bonds shorten, and a reversal of the single/double bond pattern (quinoidization) takes place upon oxidation. For instance, bond number 7 in Table 1 undergoes a lengthening from 1.397 in the neutral state to 1.423 and 1.446 in the cation and dication states, respectively. In contrast, bond number 8 (the central bond, see Figure 1 ) exhibits a shortening from 1.417 in the neutral molecule to 1.390 and 1.371 in the two charged species, respectively. The BLA values computed for the cation (0.017, À0.018, À0.030, À0.033, À0.030, À0.018, 0.017 ) and the dication (À0.028, À0.060, À0.073, À0.076, À0.073, À0.060, À0.028 ) clearly illustrate the quinoidization of the conjugated carbon skeleton. The degree of quinoidization of the oligomer becomes more accentuated in passing from outer to inner thiophene rings, and a fully quinoid structure is found for the dication. C À S bond lengths reach a rapid saturation in going from outer to inner rings in neutral TIPS-Tn-TIPS (see Table 1 for TIPS-T7-TIPS). Upon oxidation they remain almost constant, due to the fact that sulfur atoms hardly participate in the HOMO. Figure 4 shows the NPA charge distribution calculated for TIPS-T7-TIPS in neutral, radical cation, and dication states. The oligothienyl backbone and the triisopropyl groups concentrate the electronic density and present negative net charges. The silicon atoms compensate those charges by ac- 
Optical properties of neutral TIPS-Tn-TIPS
oligothieno-A C H T U N G T R E N N U N G acenes: Figure 5 displays the normalized UV/Vis absorption spectra of TIPS-Tn-TIPS, as well as the fluorescence spectra of TIPS-T5-TIPS and TIPS-T8-TIPS, recorded in MeTHF both at room and at low temperature. Table 2 shows the maximum absorption and fluorescence wavelengths of the various peaks forming the vibronically structured absorption and emission bands recorded at room temperature. The TIPSTn-TIPS compounds show a strong electromagnetic absorption in the near-UV/visible range, with the longest absorption maximum around 350-430 nm, and a second weak band at higher energies.
At room temperature, wellresolved vibronic structures are evident in the UV/Vis absorption spectra of all the TIPS-Tn-TIPS oligomers. The appearance of a vibronic structure in solution is a fairly unique property of oligothienoacenes, and is generally not observed for nonfused a-oligothiophenes. [41] The broad structureless absorption bands commonly observed for a-oligothiophenes are due to inhomogeneous broadening produced by the conformational disorder result- Figure 5 . Normalized UV/Vis absorption spectra of TIPS-Tn-TIPS oligothienoacenes in MeTHF at room temperature (top left) and at low temperature (top right). Normalized fluorescence emission spectra for TIPS-T5-TIPS (bottom left) and TIPS-T8-TIPS (bottom right) in MeTHF at room and low temperature.
ing from the internal rotation between thiophene rings. Upon decreasing the temperature, the degree of conformational disorder is reduced and the absorption bands display well-resolved vibronic structures. [41] The reason for the vibronic resolution of the absorption bands in the room-temperature spectra of TIPS-Tn-TIPS oligothienoacenes is the rigidity of the fully fused thiophene backbone, which drastically reduces the conformational disorder and, therefore, the inhomogeneous broadening. The fluorescence emission spectra recorded at room temperature (see Figure 5 ) also show well-resolved vibronic structures.
The partially resolved vibronic structures observed at room temperature in the UV/Vis absorption spectra of TIPS-Tn-TIPS undergo a large transformation with temperature. Upon cooling, the vibronic peaks sharpen and become more intense. The lowest energy optical absorption clearly shows two different vibronic progressions with different energy splittings, for which up to three replicas are seen. The vibronic progressions correspond to vibrational modes with energies of n 1 % 180 meV ( % 1525 cm
À1
) and n 2 % 56 meV ( % 480 cm À1 ). The first two peaks of both progressions have similar intensities. Despite the major changes observed in the spectra, the absorption onset remains unchanged with respect to the room-temperature spectra. The higher resolution obtained for the low-temperature spectra (see Figure 5 , top) can be interpreted as due to the loss of some remaining conformational disorder associated with low-energy, out-of-plane molecular vibrations. This disorder seems to persist to some extent even at low temperatures for the longer oligomers, as the resolution of the spectra diminishes with oligomer size (see Figure 5 , top right).
The temperature lowering also has a strong effect on the fluorescence of oligothienoacenes. The fluorescence spectra recorded in MeTHF at 103 K for TIPS-T5-TIPS and at 77 K for TIPS-T8-TIPS ( Figure 5 , bottom) also exhibit two resolved vibronic progressions with energy splittings ( % 1400 and % 450 cm À1 ) smaller than those observed for the absorption spectra ( % 1525 and % 480 cm À1 ). These progressions can be assigned on the basis of the vibrational properties calculated for TIPS-Tn-TIPS compounds in their ground state. [42] The first progression can be attributed to totally symmetric, collective nA C H T U N G T R E N N U N G (C À C) stretching modes of the oligothienoacene core, as depicted in Figure 6 a for TIPS-T8-TIPS. The second progression could be the result of in-plane bending modes of the thiophene rings, such as that displayed in Figure 6 b. These two modes are calculated at 1416 and 475 cm
, respectively, for TIPS-T8-TIPS, in good agreement with the splittings observed in the fluorescence spectra.
Highly resolved fluorescence spectra have previously been observed for nonfused oligothiophenes such as bithiophene, terthiophene, and quaterthiophene in n-alkanes at 4.2 K, [44] [45] [46] [47] but for these oligomers the n 2 % 480 cm À1 progression was not observed. The observation of two different progressions has also been reported for oligoethylenedioxythiophenes (OEDOTs) by Wasserberg et al. [15] These oligomers present partially rigid molecular structures due to the noncovalent interactions between sulfur and oxygen atoms in adjacent EDOT units.
To provide insight into the nature of the UV/Vis absorptions experimentally observed for TIPS-Tn-TIPS, the singlet excited electronic states of all these oligomers were calculated at the B3LYP/6-31G** level using the TDDFT approach and the optimized ground-state molecular geometries. Vertical excitation energies and oscillator strengths calculated both in the gas phase and in THF are listed in Table 3 , along with the description of the electronic transitions in terms of Figure 6 . Selected B3LYP/6-31G** vibrational eigenvectors calculated for TIPS-T8-TIPS in its ground state. Theoretical wavenumbers are scaled down by a factor of 0.96.
[43] Table 3 . TDDFT//B3LYP/6-31G** vertical one-electron excitations [in nm] calculated for TIPS-Tn-TIPS related to the strongest UV/Vis absorptions observed experimentally.
Compound Exptl [a] TDDFT (f) [b,c] TDDFT (f) [ the dominant one-electron excitations. Figure 7 depicts the topologies of selected MOs for TIPS-T7-TIPS as a guide to the TDDFT description of the excited states and optical absorptions.
TDDFT calculations predict the existence of a very strong electronic transition in the near-UV/visible range, followed by a weaker electronic transition at higher energies A C H T U N G T R E N N U N G (%320 nm) for all the TIPS-Tn-TIPS oligothienoacenes (see Table 3 ). The first transition, computed at 346 nm (f = 1.12) for TIPS-T4-TIPS, 372 nm (f = 1.32) for TIPS-T5-TIPS, 395 nm (f = 1.57) for TIPS-T6-TIPS, 416 nm (f = 1.78) for TIPS-T7-TIPS, and 435 nm (f = 2.02) for TIPS-T8-TIPS, corresponds to the excitation to the first singlet excited state (S 0 !S 1 ), and shows an increase in intensity as the oligomer lengthens. The S 0 !S 1 electronic transition is mainly described by the one-electron excitation from the HOMO to the lowest unoccupied molecular orbital (LUMO), which are mainly delocalized on the conjugated carbon skeleton (see Figure 7) . The calculated excitation energies are very close to the first absorption maxima measured experimentally, with the effect of the solvent on the computed energies being quite small ( Table 3 ). The plot of the S 0 !S 1 excitation energy versus the reciprocal number of fused thiophene rings ( Figure 8) shows a linear correlation in good agreement with the experimental data. The S 0 !S 1 transition undergoes a large redshift with the length of the oligomer, which can be taken as proof of the existence of a remarkable p conjugation along the fully fused thiophene backbone.
TDDFT//B3LYP/6-31G** calculations also predict the appearance of a second absorption band quite close in energy to the HOMO!LUMO transition (see Table 3 ). This electronic transition is much weaker (f < 0.10) and is computed in the 305-335 nm range in good agreement with the experimental absorption band observed in this region. The transition corresponds to the S 0 !S 2 excitation (S 0 !S 3 for TIPS-T8-TIPS), and is described by the one-electron promotion from the HOMOÀ1 to the LUMO (HOMOÀ2!LUMO for TIPS-T8-TIPS). The topology of the HOMOÀ2 in TIPS-T8-TIPS is indeed the same as the topology of the HOMOÀ1 in the shorter oligomers. The electronic transition involves some electron transfer from sulfur atoms, mainly contributing to the HOMOÀ1, to the carbon skeleton, in which the LUMO mostly resides (see Figure 7) . TDDFT calculations therefore allow a quantitative description of the absorption spectra of TIPS-Tn-TIPS. The absorption bands are assigned to the S 0 !S 1 and S 0 !S 2 (S 0 !S 3 for TIPS-T8-TIPS) electronic excitations, the first one being responsible for the highly resolved vibronic structure observed experimentally.
Optical properties of oxidized TIPS-Tn-TIPS oligothieno-A C H T U N G T R E N N U N G acenes:
To investigate the optical properties of oxidized TIPS-Tn-TIPS, in situ UV/Vis/NIR spectroelectrochemistry experiments were performed. Figure 9 displays the evolution of the spectra of TIPS-Tn-TIPS (n = 5-8) in o-dichlorobenzene solution during electrochemical oxidation in tetrabutyl-A C H T U N G T R E N N U N G ammonium perchlorate (nBu 4 NClO 4 ). Table 4 summarizes the absorption features observed experimentally, together with those calculated at the B3LYP/6-31G** level for the oxidized species. Figure 10 schematizes the change the monoA C H T U N G T R E N N U N G electronic levels around the HOMO-LUMO gap undergo upon the oxidation process. Figure 9 displays the spectra of neutral compounds registered at 0 s, which were discussed in the previous section. At short recording times (10 and 50 s), two new absorption bands appear, at 510 and 842 nm for TIPS-T5-TIPS, 544 and 943 nm for TIPS-T6-TIPS, 575 and 1028 nm for TIPS-T7-TIPS, and 605 and > 1100 nm (detection limit of the instrument) for TIPS-T8-TIPS, which correspond to the formation of the radical cation [TIPS-Tn-TIPS]C + . The high-energy band is accompanied by a vibronic transition on its highenergy side (470, 498, 523, and 540 nm for n = 5-8, respec- tively). The low-energy band in the 850-1100 nm range is very broad and has a less defined vibronic structure. The isosbestic point around 400-450 nm indicates the interconversion of two species, consistent with the oxidation of TIPS-Tn-TIPS into [TIPS-Tn-TIPS]C + . The appearance of two low-energy spectral features associated with the formation of the radical cation is in agreement with the numerous spectroelectrochemical [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and quantum-chemical [32] [33] [34] [35] [36] [37] [38] studies reported for a great variety of a-oligothiophenes. The in situ UV/Vis/NIR spectra were recorded at room temperature and for low TIPS-Tn-TIPS concentrations, and, therefore, show no indication of the for- Figure 9 . UV/Vis/NIR spectra recorded in o-dichlorobenzene solution during the electrochemical oxidation of TIPS-Tn-TIPS compounds. The voltage applied vs. Ag/Ag + was 0.9 V for n = 5 and 6, and 1.2 V for n = 7 and 8. TDDFT (f)
Exptl [a] TDDFT (f) www.chemeurj.org mation of cation radical dimers. The formation of dimers is furthermore hindered by the bulky TIPS groups incorporated in these oligomers in their terminal positions. Upon further oxidation, only the longer oligothienoacenes are able to form dication species, in agreement with the observations from the cyclic voltammetry study. As Figure 9 highlights, only the radical cations of the heptamer and the octamer are converted to the [TIPS-T7-TIPS] 2 + and [TIPS-
T8-TIPS]
2 + dications. The dications are characterized by a new broad absorption in the 750-850 nm range, and the disappearance of the bands of the cation at lower and higher energies. The wavelengths recorded are similar to those previously reported for end-capped a-quaterthiophene and apentathiophene, [25] which bear a number of conjugated C=C double bonds (8 and 10, respectively), comparable to TIPS-T7-TIPS (8) and TIPS-T8-TIPS (9) .
Vertical electronic transitions for the radical cation and dication species of TIPS-Tn-TIPS were computed using the TDDFT approach and the PCM model to introduce solvent effects (Table 4) . TDDFT calculations predict two intense electronic transitions for radical cations at lower energies than those computed for the neutral oligomers. For example, the energies calculated for these two transitions are 1.33 eV (929 nm, f = 0.60) and 2.26 eV (548 nm, f = 1.16) for [TIPS-T7-TIPS]C + , slightly overestimating the experimental values observed at 1.21 eV (1028 nm) and 2.16 eV (575 nm). TDDFT calculations also reproduce the ratio between the experimental intensities and the steady redshift that both absorptions undergo with the extension of the chain length. As sketched in Figure 10 , the new emerging transitions are mainly described by the HOMO!SOMO (singly occupied molecular orbital) and the SOMO!LUMO one-electron excitations.
For the dication species, TDDFT calculations indicate the appearance of one strong electronic transition at intermediate energies with respect to the two transitions calculated for the radical cation (see Table 4 ). The transition results from the HOMO!LUMO excitation, in which the HOMO and the LUMO now correspond to the HOMOÀ1 and HOMO of the neutral molecule (see Figure 10) . The transition is calculated at 754 nm for [TIPS-T7-TIPS] 2 + , in good correlation with the experimental band measured at 749 nm. TDDFT calculations are therefore shown to be very helpful in interpreting the evolution upon oxidation of the optical properties of the fully fused TIPS-Tn-TIPS compounds.
Conclusion
This work presents an analysis of the evolution of the structural, electrochemical, and optical properties within a complete family of triisopropylsilyl end-capped oligothieno-A C H T U N G T R E N N U N G acenes (TIPS-Tn-TIPS, n = 4-8), which emerge as a potential class of fully fused p-conjugated compounds for organic electronics. The analysis is performed by combining cyclic voltammetry, a selection of spectroscopic tools (optical absorption, fluorescence emission, and in situ UV/Vis/NIR spectroelectrochemistry), and quantum-chemical calculations based on the density functional theory (DFT and TDDFT) approach.
Cyclic voltammetry reveals reversible redox behavior for all the TIPS-Tn-TIPS family, indicating the formation of stable radical cations for all these oligothienoacenes, and the formation of dications only for the heptamer and the octamer. Oxidation produces a reversal of the single/double C À C bond pattern and leads to fully quinoid structures for the dications. The quinoidization of the molecular structure is more marked for the inner thiophene rings and decreases in going to the outer rings. DFT calculations predict that the electronic density is mainly extracted from the thienyl backbone. For TIPS-T7-TIPS, 0.85 e and 0.74 e are extracted from the backbone in the neutral!cation and cation!dication processes, respectively. The charges extracted are in good agreement with the changes predicted for the bond lengths upon oxidative doping, which are also localized in the fused conjugated backbone. The formation of stable cation and dication species and the delocalization of the charge on the conjugated chain make TIPS-Tn-TIPS compounds promising as hole-transporting materials for future applications in organic electronics.
The planarity and rigidity of fully fused TIPS-Tn-TIPS oligothienoacenes drastically affect their optical properties. Compared to their nonfused a-oligothiophene partners, the absorption and fluorescence spectra of TIPS-Tn-TIPS show partially resolved vibronic structures even at room temperature, due to the absence of conformational disorder. Two well-resolved vibronic progressions are observed at low temperatures that can be associated with vibronic coupling with two different normal modes, with energies of n 1 % 180 meV (%1525 cm À1 ) and n 2 % 56 meV ( % 480 cm
À1
). The progression due to the coupling with the lower frequency mode is not observed in nonfused oligothiophenes. TDDFT calculations have allowed a quantitative description of the absorption spectra, and the assignment of the electronic transitions responsible for the main observed bands. Both experimental and theoretical results find a remarkable bathochromic dis- persion of the electronic transitions as the chain length increases, which is indicative of the extension of the effective p-conjugation.
In situ UV/Vis/NIR spectroelectrochemistry in o-dichlorobenzene of TIPS-Tn-TIPS provides evidence of the formation of cation and dication species. Similarly to what is observed for other conjugated oligomers, two absorption bands emerge at low energies, corresponding to the formation of the radical cation in the first oxidation steps. The longest oligomers (heptamer and octamer) form the dication species, which is characterized by a unique absorption band at intermediate energies. The formation of cation radical dimers is not detected, probably due to the bulky triisopropylsilyl groups, which hinder noncovalent aggregation. TDDFT calculations taking into account solvent effects within the PCM model have helped in interpreting and assigning the optical data.
Experimental Section
The synthesis and purification of the TIPS-Tn-TIPS oligothienoacenes are described elsewhere. [5, 14] UV/Vis/NIR absorption spectra were recorded at room temperature by means of an Agilent 8453 instrument equipped with a diode array for fast recording of all electromagnetic absorptions in the 190-1100 nm spectral region. Fluorescence emission spectra were measured using a JASCO FP-750 spectrofluorimeter. No fluorescent contaminants were detected upon excitation in the wavelength region of experimental interest. Solutions for emission measurements were prepared with an absorbance in the visible spectral region between 0.1 and 0.2. 2-Methyltetrahydrofuran (MeTHF) was pre-dried over KOH for three days, filtered, distilled from CaH 2 , and stored under an inert atmosphere. Sample solutions in MeTHF were prepared in a nitrogen-filled glove box at concentrations between 10 À5 and 10 À7 m. Lowtemperature spectra were recorded using an Oxford Optistat DN nitrogen bath cryostat with the capability to operate in the temperature range 77-500 K.
Electrochemical experiments were performed in o-dichlorobenzene (TIPS-T4-TIPS, TIPS-T6-TIPS, and TIPS-T8-TIPS) or dichloromethane (TIPS-T5-TIPS and TIPS-T7-TIPS) at 25 8C under nitrogen in three-electrode cells. The supporting electrolyte was tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) or perchlorate (Bu 4 NClO 4 ), respectively. The counter electrode was platinum and the reference electrode was silver/ 0.1 m silver perchlorate in acetonitrile, but quoted potentials are always referred to the Fc/Fc + couple. The working electrode was a platinum minidisc electrode (0.003 cm 2 ). The voltammetric apparatus (AMEL, Italy) included a 551 potentiostat modulated by a 568 programmable function generator and coupled to a 731 digital integrator. UV/Vis/NIR absorption spectra during the electrochemical study of the compounds were recorded on a Perkin-Elmer Lambda 5 spectrometer. In situ UV/ Vis/NIR spectroelectrochemistry was performed by controlled potential electrolysis in an OTTLE cell equipped with a platinum minigrid working electrode and quartz optical windows.
DFT calculations were carried out by means of the Gaussian 03 program. [48] All the calculations, including geometry optimizations of the ground state and electronic excitation energies, were performed with Beckes three-parameter B3LYP exchange-functional [49, 50] and the 6-31G** basis set. [51] Oligothienoacenes with an even (odd) number of rings were optimized within C i (C 2 ) symmetry constraints. Radical cations were treated as open-shell systems and computed within the spin-unrestricted DFT (UDFT) approach, whereas dications were treated as closed-shell systems and calculated using the spin-restricted DFT approach.
Vertical electronic transition energies were computed at the B3LYP/6-31G** level using the TDDFT approach [52] [53] [54] and the optimized groundstate molecular geometries. Solvent effects were considered within the SCRF (self-consistent reaction field) theory using the polarized continuum model (PCM) approach to model the interaction with the solvent. [55, 56] PCM calculations for the charged species were performed using the standard parameters implemented for chlorobenzene in Gaussian 03 and the dielectric constant of o-dichlorobenzene (e = 10.12) to simulate the experimental recording conditions. TDDFT calculations for the neutral compounds were carried out both in the gas phase and in the presence of the solvent (THF). The differences found for the vertical excitation energies were smaller than 0.08 eV. Net atomic charges were calculated using the natural population analysis (NPA) included in the natural bond orbital (NBO) algorithm proposed by Weinhold and co-workers. [57] [58] [59] Molecular orbitals were plotted using Molekel 4.3.
[60]
